ABSTRACT: Accurate evaluation of fracture healing is important for clinical decisions on when to begin weight-bearing and when early intervention is necessary in cases of fracture nonunion. While the stages of healing involving hematoma, cartilage, trabecular bone, and cortical bone have been well characterized histologically, physicians typically track fracture healing by using subjective physical examinations and radiographic techniques that are only able to detect mineralized stages of bone healing. This exposes the need for a quantitative, reliable technique to monitor fracture healing, and particularly to track healing progression during the early stages of repair. The goal of this study was to validate the use of impedance spectroscopy to monitor fracture healing and perform comprehensive evaluation comparing measurements with histological evidence. Here, we show that impedance spectroscopy not only can distinguish between cadaver tissues involved throughout fracture repair, but also correlates to fracture callus composition over the middle stages of healing in wild-type C57BL/6 mice. Specifically, impedance magnitude has a positive relationship with % trabecular bone and a negative relationship with % cartilage, and the opposite relationships are found when comparing phase angle to these same volume fractions of tissues. With this information, we can quantitatively evaluate how far a fracture has progressed through the healing stages. Our results demonstrate the feasibility of impedance spectroscopy for detection of fracture callus composition and reveals its potential as a method for early detection of bone healing and fracture nonunion. ß
Approximately 15 million fracture injuries occur each year in the United States. Up to 20% of patients experience impaired healing under normal conditions, 1 significantly burdening the healthcare system. 2 Current methods for assessing fracture union are not sensitive enough: physicians rely on subjective physical examinations and radiography techniques that only detect densely mineralized tissue. [3] [4] [5] Improved monitoring of fracture healing could inform clinical decisions on when to begin weight-bearing or enable earlier diagnosis of nonunion. There remains an unmet clinical need for a quantitative, reliable method to monitor fracture healing and particularly to distinguish between the early stages of healing.
Fractures heal through a combination of direct (intramembranous) and indirect (endochondral) bone formation. Repair begins with a pro-inflammatory phase that produces a hematoma in response to the trauma (Stage 1). To stabilize the fracture gap, local osteochondral progenitors differentiate into bone and cartilage according to the mechanical microenvironment. 1, 6 In areas of high stability (e.g., along bone ends), progenitors form bone directly. However, the majority of new bone forms indirectly through a cartilage intermediate (Stage 2) due to instability between the bone ends. This cartilage callus becomes mineralized and is converted into trabeculated bone (Stage 3). In the final phase of healing, trabecular bone remodels to form cortical bone (Stage 4). 1, 7, 8 These stages of healing can be well characterized histologically, but standard radiographic techniques like X-ray are unable to visualize healing until bone becomes densely mineralized in Stage 4. 9, 10 Electrical impedance spectroscopy (EIS) measures the frequency-dependent opposition to the flow of electrical current, and has resistive and reactive features. The heavily ionic intra-and extracellular environment contributes to the resistive component of the response, while double-layered cell membranes contribute capacitive (reactive) effects. Low-frequency features generally arise from extracellular components, while high-frequency features reflect both intra-and extracellular environment. Here, we make measurements of impedance magnitude (|Z|) and phase angle (u), where |Z| reflects the magnitude of the combined components, of which tissue conductivity is often a dominant term. u provides information about how resistive or capacitive the measurement is (0˚is fully resistive, 90i s fully capacitive). Impedance has been used to characterize many biological tissues, [11] [12] [13] [14] including bone. [15] [16] [17] Because EIS can capture changes in dielectric properties and a healing fracture is dominated by different tissues, it may be able to uniquely complement a technique like X-ray that relies on tissue mineralization by providing quantitative local information about the fracture callus, particularly at early stages. In addition, prior work has used EIS to track differences over healing time between fracture and control groups. [18] [19] [20] [21] [22] While these data are promising, these studies are limited to fractures treated via external fixation using long metal pins as electrodes. These results as well as other work involving noninvasive measurements [23] [24] [25] suffer from limited dynamic range due to noise from surrounding soft tissue. Furthermore, all studies were limited in their tissue analysis and did not correlate impedance measurements to histological characterization. More work is necessary to validate EIS for assessing fracture healing. Our study investigates the use of internally placed electrodes (here in an ex vivo setting) as a future, highly sensitive approach for in vivo assessment.
The goals of this study were to correlate EIS with histologically characterized fracture tissue and understand potential barriers to integrating this technology with standard bone plates. We have previously designed an impedance measurement system to study skin health, 26 and are now applying this technique to monitor fracture healing. 27 In this paper, we present a set of ex vivo studies to complete proof-of-concept validation that EIS can distinguish between individual fracture tissues and between simulated fracture stages in cadaver models. Since we envision this device being introduced during surgical fixation, we tested whether measurements taken adjacent to metal implants are reliable. Lastly, we used a murine fracture model and took measurements across heterogeneous fracture calluses dissected out at different points during healing to correlate impedance with callus composition. We hypothesized that EIS could accurately distinguish the tissues involved in fracture repair and provide critical data on the progression of healing.
METHODS
Impedance Measurement System Two-point impedance measurements were taken using an Agilent E4980AL Precision LCR Meter at the following frequencies (Hz): 20, 40, 60, 80, 100, 250, 500, 750, 1 k, 5 k, 10 k, 15 k, 25 k, 50 k, 75 k, 100 k, 500 k, 1 M. In the cadaver study, 1 MHz measurements were removed due to poor electrical contact and high parasitic capacitance associated with large metal pins. A custom user interface and control hardware was used to step through the frequencies with a 1V sine wave signal, recording |Z| and u.
Cadaver Study
Specimen Preparation A cadaveric leg was obtained through the UCSF Willed Body Program. Specific tissues were dissected out, stored in saline, and placed in a freezer. Specimens were thawed 24 h prior to experimentation.
Isolated Tissue Measurements
Tissues representing each fracture stage were dissected from the cadaver, including blood, cartilage from the meniscus, trabecular bone from the proximal tibia, and cortical bone from the tibia mid-diaphysis. Impedance measurements were taken across each tissue using two gold-plated surface electrodes (300 mm diameter). A 570 g weight was placed on each tissue to ensure consistent contact with electrodes. Each set of measurements entailed five impedance readings at 18 frequencies (20 Hz-1 MHz). For each tissue type, five sets of measurements were taken and presented as mean AE standard deviation. Transfer functions describing how tissue manipulates input signal into output signal were fit to the frequency response curves.
Simulated Fracture
To mimic a clinical fracture in a cadaveric model, we created a comminuted fracture using a bone chisel and drilling external fixator pins bi-cortically to hold the system in place (0.4 cm gap). Cartilage and trabecular bone (volume $1.8 cm 3 ) were individually inserted into the fracture gap, and measurements taken across the fracture using the two stainless steel pins as electrodes (2.7 cm apart). A mixedstate was created by interspersing $0.5 cm 3 pieces of cartilage and trabecular bone, and inserting this amalgamation into the fracture. Five sets of measurements were taken in each condition and data presented as mean AE standard deviation. For each measurement set within one condition, the same sample of tissue was removed and re-inserted in a different configuration, but the electrodes remained firmly in cortical bone and were not affected by replacement of tissue.
Effect of Metal Implant
A Synthes bone plate (6-hole, Model 245.16; West Chester, PA) was used to examine the effect of metal on impedance. Two 5 mm stainless steel pins were inserted through neighboring bone plate holes (12 mm apart) to function as electrodes. Impedance measurements were taken both with and without the plate. Pins were then inserted into the bone 36 mm apart and measurements taken across bone without a plate and then with a plate and two screws located between the electrodes to mimic the "worst-case scenario". The system was flushed with saline to mimic a physiologic environment and measurements were taken in triplicate.
Mouse Model for Fracture Repair All protocols were approved by the UCSF IACUC (Supplemental File 1), and this report adheres to ARRIVE Guidelines for reporting animal research 28 (Supplemental File 2). Adult (10-16 weeks) male, wild-type C57BL/6 mice (22-29 g) were kept in cages ( 5 mice/cage) with paper/cellulose bedding and easy access to food/water. Mice were monitored for signs of stress (low activity, unkempt fur, weight loss). Rodent models of fracture healing have been used since 1984 29 and are well-established as preclinical models 30, 31 that provide insight into human fracture repair. We created a standardized, closed mid-diaphysis tibia fracture that was left unstabilized. Importantly, this model heals through endochondral ossification, and the timeline for healing has been previously examined in detail. 31, 32 Animals were anesthetized with an intraperitoneal injection of ketamine:dexmedetomidine (1:1), and three-point bending fractures made by controlling the weight (460 g) and distance (14 cm) of the force. Mice were given buprenorphine subcutaneously immediately and 4-6 h following surgery, then later if they displayed signs of distress. Twenty-four mice in total were fractured and euthanized at days 4 (N ¼ transition from stage 2-3 (day 14-mixture of cartilage and trabecular bone). 33, 34 No samples were collected at day 28 because densely mineralized tissue is detectable by standard methods (i.e., radiography) and thus not a focus of our technology development. Following harvest, fracture calluses were isolated using a dissecting microscope. Day-4 samples could not be isolated due to lack of structural integrity at this early stage, so two tibias were left intact and processed for histology. Two day-8 mice were removed from the study because we were unable to dissect out enough tissue for an accurate measurement. Additional muscle samples were also dissected from the tibia at days 8 (N ¼ 3), 14 (N ¼ 2), and 21 (N ¼ 2) as controls. The dissected tissues (roughly spherical with 4.75 mm diameter) were placed over two 150 mm diameter gold surface electrodes spaced 0.5 mm apart, and a 150 g weight was used to ensure consistent contact. Five sets of impedance measurements were taken for each sample. Prior to each new measurement, we removed the sample, cleaned the electrodes with 70% ethanol, and replaced the sample and weight.
Histology
Fracture calluses were fixed immediately after measurement in 4% paraformaldehyde (pH 7.2) overnight (4˚C), then decalcified in 19% EDTA (pH 7.4) for 14 days (4˚C). Tissue was then put through a graded ethanol series for dehydration and embedded in paraffin. Serial 10 mm longitudinal sections were collected and stained with Hall's and Brunt's Quadruple (HBQ) stain, which stains cartilage blue and bone red.
Histomorphometric quantification of tissue composition within the heterogeneous calluses was done using stereology principles [35] [36] [37] on an Olympus CAST system with Visiopharm software. This technique correlates well with mCT for determining bone volume, 38 but also enables us to quantify soft tissues in the fracture callus. Tissue identity (bone, cartilage, fibrous, marrow) was determined at 20Â magnification by randomly sampling over a grid of evenly spaced points for 25% of the tissue, and total tissue volumes were calculated using Cavalieri's principle. Histomorphometry was performed on 13 of the 17 samples.
Data and Statistical Analyses
A single-factor ANOVA was used to compare the data at each frequency across different days and tissues. The TukeyKramer post-hoc analysis tested each pair of means for significant differences with p < 0.05.
To assess correlations between impedance measurements and tissue volume fractions, we performed univariate linear regression analysis. Two-tailed t-tests determined whether regression slopes were significantly different than zero. To determine predictive power of this model, we randomly split the 13 mice into two groups: one group to build a model (N ¼ 7), and one group to test (N ¼ 6). Impedance measurements for test group calluses were inputted into the model and resultant % cartilage and % trabecular bone estimates were compared against true values determined by stereology. Errors were calculated by taking the absolute difference between model and true values. This was done three times, with the mice randomly assigned each time.
RESULTS
Impedance Signatures Differ Between Isolated Tissue Measurements Impedance measurements of blood, cartilage, trabecular bone, and cortical bone are shown in Figure 1A . |Z| increases steadily from Stage 1 tissue (blood) to Stage 4 tissue (cortical bone). However, standard deviations were substantial for trabecular bone, due to difficulty achieving reliable electrical contact ex vivo between electrodes and this spongy tissue. To evaluate the different curve shapes for each tissue, we fit a transfer function containing one pole and one zero (Fig. 1B) relating the impedance measurement (output) to the constant voltage sine wave signal (input), which changes depending on the tissue the signal travels through. This is mathematically defined as H(s) ¼ (s À zero)/(s À pole), where s is a complex frequency s þ jv, and s and v are the real and imaginary parts of s. Poles and zeros represent the roots of the denominator and numerator of the transfer function, respectively. In practice, the frequency of a pole or zero indicates an inflection point in the frequency response. We observe that the dominant pole shifts to the right (higher frequency) and the dominant zero shifts to the left (lower frequency) as the tissues progress through healing. These differences validate the ability of EIS to distinguish tissues that make up the fracture healing process.
Impedance Distinguishes Stages 2 and 3 Simulated Fractures
With electrodes placed in cortical bone, the data (Fig. 2) indicate that impedance measurements across a fracture gap filled with cartilage are significantly different from one filled with trabecular bone. Cartilage exhibited smaller |Z| across all measured frequencies (p < 0.002), as well as more negative u from 20 Hz to 1 kHz (p < 0.05) and less negative u from 50 kHz to 500 kHz (p < 0.002). The heterogeneous mixture of cartilage and trabecular bone resulted in measurements that fell approximately halfway between the individual tissues.
Metal Bone Plate Does Not Interfere With Signal
To enhance clinical utility of our device, we examined whether reliable impedance measurements can be taken adjacent to metal implants in the body. As seen in Figure 3A , there are multiple paths in which the signal can travel. The path highlighted in blue represents the ideal path to measure the fracture callus without confounding noise from the implant. However, other paths shown depict alternate routes for the signal to travel. Our goal for this study was to elucidate which signal paths are preferred.
Impedance measurements of bone across two 12 mm-spaced electrodes revealed a negligible difference across just bone (12 mm-B) and across bone with a plate (12 mm-BP). |Z| and u were not significantly different (p > 0.05) at the overwhelming majority of frequencies (left column of Fig. 3B ). Spacing of electrodes was increased to 36 mm, and |Z| across the bone only (36 mm-B) was greater (as expected) compared with the 12 mm measurement across the same bone (12 mm-B). After addition of a bone plate and screws (36 mm-BPS), |Z| decreased dramatically. In this case, both |Z| and u taken with a bone plate and screws (36 mm-BPS) were found to be significantly different (p < 0.05) from the bone-only condition (36 mm-B) at nearly all measured frequencies (right column of Fig. 3B ). Ã t-test resulted in p < 0.05 between cartilage and trabecular bone.
IMPEDANCE FOR FRACTURE HEALING DETECTION

Impedance Correlates to Callus Composition in Mouse Model
Following proof-of-concept studies in a cadaver model, we moved to a mouse model to understand EIS measurements of heterogeneous fracture calluses. Impedance was measured across calluses isolated from mice allowed to heal for 8, 14, and 21 days (Fig. 4) ; we were unable to dissect out inflammatory tissue at day 4 due to its lack of structural integrity (Fig. S1 ). |Z| increases from day 8 to day 14 to day 21 across all measured frequencies. u becomes less negative over healing time at lower frequencies and more negative at higher frequencies, with the inflection point occurring at 10 kHz. Standard deviations increased with later measurement days, as it was increasingly difficult to make robust electrical contact between electrodes and stiffer calluses. Despite this, ANOVA and twosample t-tests reveal that |Z| is significantly different from 40 Hz to 100 Hz and from 50 kHz to 1 MHz (p 0.03), and u is significantly different at frequencies below 1 kHz and above 100 kHz (p 0.04). There are no discernable differences in impedance magnitude of reference muscle samples across mice and between time points (p > 0.2 at all measured frequencies).
To understand how |Z| and u vary with changing tissue composition of fracture calluses, we performed linear regression analyses to compare them to fraction volumes of cartilage, trabecular bone, fibrous tissue, and marrow space with respect to total callus volume ( Table 1) . At all measured frequencies, |Z| has a positive relationship with % trabecular bone and % marrow space and a negative relationship with % cartilage and % fibrous tissue. The opposite relationships are found when comparing u to these same tissue volume fractions. These correlations are most substantial at 500 kHz, with both |Z| and u showing significant relationships with % cartilage and % trabecular bone (Fig. 5) . At 1 MHz, u also has a significant correlation with % cartilage (R 2 ¼ 0.75, p < 0.01), % trabecular bone (R 2 ¼ 0.68, p < 0.01), % fibrous tissue (R 2 ¼ 0.41, p ¼ 0.02), and % marrow space (R 2 ¼ 0.58, p < 0.01). In addition, u becomes more negative significantly with % trabecular bone below 5 kHz (R 2 > 0.25, p < 0.05) and above 100 kHz (R 2 > 0.32, p < 0.05).
Finally, we split our samples into a model group and test group to determine predictive power. Even with a reduced N of seven callus samples, regression analyses still suggested correlations between impedance measurements and % cartilage and % trabecular bone, shown in Supplemental Figure S2 . Errors between model-predicted values and true values averaged between 8% and 25% tissue volume across the three times we conducted this assessment. The model built from |Z| consistently performed better, producing 3-5% less error than the model built from u.
DISCUSSION
Cadaver and murine ex vivo testing demonstrated the ability of EIS to distinguish between hematoma, cartilage, and bone tissues reflective of fracture healing stages.
Cadaver Study: Impedance Distinguishes Multiple Tissues Dominant in Fracture Healing By measuring impedance across blood, cartilage, trabecular bone, and cortical bone, we can understand our system's ability to distinguish between relevant tissues involved in fracture repair. Measurements clearly differ between tissue types, with distinct shapes of frequency responses highlighting our capacity to objectively classify tissue types dominant in fracture healing. However, because irregularly shaped tissues were placed on flat surface electrodes, measurement variations were observed due to electrical contact issues, particularly for stiffer bone tissues. In future in vivo studies with well-integrated electrodes, variance is expected to decrease substantially.
Next, we tested the sensitivity of EIS to capture differences in healing stages when electrodes were drilled into bone rather than in direct contact with callus tissue. This approach also alleviates concerns regarding variation in electrode-tissue contact arising Ã ANOVA analysis resulted in p < 0.05. The tables detail the specific groups between which there are significant differences.
IMPEDANCE FOR FRACTURE HEALING DETECTION from isolated tissue measurements (above). In our simulated fracture model, we found that impedance across a fracture gap filled with cartilage (Stage 2) was significantly different from one filled with trabecular bone (Stage 3). In this model, since electrodes were inserted in higher-impedance cortical bone ends, it is important to note that measurements reflected the relatively lower-impedance tissues in the gap. We also confirmed that heterogeneous mixtures of cartilage and trabecular bone produced characteristics between the two individual tissues. While these heterogeneous mixtures were created ex vivo and therefore lacked biological integration, they were reasonable approximations of the pockets of cartilage and trabecular bone found in calluses transitioning from Stage 2 to 3 of healing (as seen in Fig. 4A , Day 14 histology). These results indicate that our system can distinguish between the cartilaginous and trabeculated bone phases of the healing process, and therefore may be able to detect when a fracture is not transitioning normally through endochondral ossification.
To determine translatability of our device to clinical settings when fractures are surgically fixed, we tested the impact of a metal bone plate and screws on impedance measurements. Our data indicate that the bone plate does not have a perceptible effect on our data, and instead show that it is difficult for signal to pass from the bone to the plate (red path in Fig. 3A) , likely because the plate is never fully flush against the bone. However, addition of bone screws resulted in a dramatic decrease in |Z| across the two electrodes, suggesting that they provide a lower resistance path for the signal to travel (black path in Fig. 3A) . This effect is a function of geometry-if the bone screws are far from the sensor electrodes relative to the distance between the electrodes (true in most clinical situations), our measurements should not be significantly affected and signal will travel through the ideal path directly between the electrodes (blue path in Fig. 3A) . These results can be used to inform future design considerations. Associating specific |Z| and u measurements to each respective fracture callus and its exact tissue composition provides us with even more detailed information. While averaging data at each time point across all study mice indicates measurement differences over the course of healing, quantitative histomorphometric analysis can account for differences in healing rates among the study mice.
Our analysis showed that for all measured frequencies, there are negative relationships between |Z| and % cartilage as well as % fibrous tissue, and positive relationships between |Z| and % trabecular bone as well as % marrow space. These correlations are expected-|Z| rises over the course of healing as more conductive tissue (cartilage) is remodeled into more resistive tissue (bone). % fibrous tissue decreases with healing time as it is replaced by trabecular bone or marrow space. u exhibits positive relationships with % cartilage and % fibrous tissue, also as expected. Since cartilage has relatively high water content and fibrous tissues contain mostly collagen fibers with few cells, these two tissue types have a greater resistive component than capacitive component, leading u to become less negative (more resistive) with higher percentages of these tissues. On the other hand, bone is made up of layers of mineralized matrix with low water content and marrow space is responsible for producing many kinds of cells (erythrocytes, leukocytes, and platelets). Because matrix layers and cell membranes can be modeled as capacitors, these two tissue types have a greater capacitive component than resistive component, leading u to become more negative (more capacitive) with higher percentages of these tissues.
Our results are consistent with previous findings that describe an increase in |Z| over healing time. [18] [19] [20] 22, 25 However, our study provides more comprehensive information about the behavior of u as a function of frequency and time. While |Z| reflects conductivity of tissue, u reflects the resistive or capacitive nature, and together their frequency response curves complement each other. Thresholds for both parameters can be set to determine the stage of healing, providing more confidence in our classification. We also related impedance measurements to histomorphometry, which has not previously been shown and will enable future predictive modeling. By splitting our samples into a model group and test group, we were able to consider this potential predictive power. Errors of 8-25% tissue volume even with reduced N indicate that our model has potential for accurate assessment of tissue composition, although additional studies will allow us to fully demonstrate predictive power of this technique. We believe this is the first quantitative evaluation of how well impedance predicts fracture tissue composition.
Limitations
The main limitation of this analysis was the use of dissected tissues from euthanized mice, so there was error introduced with electrode placement at the time of data collection. In addition, ex vivo tissue samples are not as hydrated as in an in vivo condition. Our experimental set-ups were flushed with saline to mimic a physiologic setting, but hydration in an in vivo environment differs. While the role of contact impedance may be important in this study, our results offer support for the use of EIS to track fracture healing and perform early detection of nonunion. Continued development of sensors for an in vivo model would permit an environment where fracture tissue can surround electrodes with reliable electrical contact. Though impedance measurements are set-up dependent (e.g., change with electrode size), we expect the relative changes in impedance due to fracture healing to be preserved from sample to sample.
Future Directions and Conclusion
As micro-and nanofabrication technology has evolved, minimal modifications are necessary to incorporate sensors into existing implants that feature wireless capabilities. 39 Smart implant technology developed for orthopedics has been mainly limited to strain gauges and other mechanical measurements; we believe EIS measurements can provide more sensitive information about the earliest changes in fracture healing. Additional improvements such as arraying multiple electrodes across the fracture gap to obtain spatial information 26 could be considered. This technology has potential to be a more affordable, radiation-free method to monitor fracture healing as compared with other techniques like X-ray and CT scans, and can be used in parallel with current standards of care.
In conclusion, we have demonstrated the feasibility of EIS for detecting fracture callus composition, highlighting its potential as a method for early detection of bone healing and fracture nonunion. Future studies will work to measure in vivo changes in impedance longitudinally in mice and eventually human patients to recognize patterns that are typical of "normal" and delayed fracture healing to understand the sensitivity of EIS compared to standard radiographic techniques. From the results presented in this paper, we expect |Z| to increase steadily over time until healing is achieved, at which point it will plateau. u is expected to become less negative at lower frequencies and more negative at higher frequencies.
IMPEDANCE FOR FRACTURE HEALING DETECTION
We believe that using these measurements, as well as pole and zero values extracted from transfer function fits, will enable accurate assessment of fracture healing in vivo. To best demonstrate utility of this technique, future results should be correlated with biomechanics, histology, and radiography. 
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